This paper presents the crushing behaviour of empty and foam-filled conical aluminium alloy (AA6061-T6) tubes under oblique impact loading using a validated nonlinear finite element (FE) code, LS-DYNA. The study aims to assess the beneficial of foam filling on the energy absorption in terms of mass reduction, for variations in filler density and geometrical parameters of AA6061-T6 tubes. The results obtained successfully identified the critical tube mass and critical foam density. It is evident that foam filling successfully induced high Specific Energy Absorption (SEA) value of foam-filled tubes thus proving that the assessment of critical total tube mass and critical foam density point is vital in identifying proper combination of tube-filler to the effectiveness of foam-filled tubes. The combination of AA6061-T6 tube and aluminium foam demonstrates pronounced SEA increase as high as 72.3% compared to the empty tube.
Introduction
Under oblique impact loading, various types of thin-walled tubes such as square, circular and tapered tubes have been studied. The introduction of taper angle to straight tubes seems to offer greater potential for energy absorption efficiency as it provides stability under oblique impact loading [1] . Reyes et al. [2] has carried out an investigation on square tubes under oblique loading for the load angle range of 5-30. It has shown that load angle can significantly influence the energy absorption of the tubes. In addition, results showed that geometrical parameter and loading condition have effects on the energy absorption capacity of thin-walled tubes [3] . Furthermore, the exploitation of foam as filler in thin-walled tubes has been proven in enhancing the energy absorption capacity [4] . However, the foam filling was found not effective when weight reduction is considered over an empty tubes [4, 5] . Meanwhile, a few studies conducted suggest that there is a critical total tube mass and critical filler density at which the Specific Energy Absorption (SEA) value of foam-filled tubes exceeds that of empty tubes [6] . It is therefore implies that an appropriate selection of tube geometry and filler density is vital to optimising the energy absorption capacity of foam-filled tubes.
This present study aims to investigate the effect of foam filling with regards to the variations in geometry and filler density on the response of empty and foam-filled tubes under oblique impact loading. The effectiveness of the tube and filler combinations is evaluated based on critical total tube mass and critical foam density. The information from these analyses can be used as a guideline to facilitate future development of thin-walled tube for structural impact application.
Experimental testing
Straight and conical AA6061-T6 tubes with 5 degrees semi-apical angle were manufactured from solid AA6061-T6 circular bars with 68.9 mm bottom diameter and 50.0 mm length, as shown in Fig. 1(a) . Commercially available extruded polystyrene with a density of 3.61x10 -2 g/cm 3 was used as the filler. The drop tests were conducted using a 30 kg drop-weight impact hammer from a drop height of 3.0 m. Fig. 1(b) illustrates the test set-up for oblique impact loading. Moreover, quasistatic tests were performed on AA6061-T6 and extruded polystyrene for accurate development of finite element (FE) models. Fig. 1 (c) and 1(d) show the results obtained from the tests. 
Finite element development
In present study, the geometric models of empty and foam-filled AA6061-T6 straight and conical tubes were developed using the commercial explicit FE code LS-DYNA [7] as shown in Fig. 2 . The Belytschko-Lin-Tsay shell element with five integration points through its thickness was selected to model the tubes. Eight-noded solid elements were employed to model the extruded polystyrene foam filler, moving mass and the stationary mass. The moving mass was allowed to move in the load axis direction only, while the stationary mass was constrained in all directions. To account for contact between rigid bodies, auto-node-to-surface and auto-surface-to-surface were incorporated into the model. For initiating fold formation during shell buckling, auto-single-surface contact was introduced. [8] were adopted in this study. For extruded polystyrene, the following material property values were used: Young's modulus E=14.9 MPa, Poisson's ratio, ν =0.0 and density ρ =3.61x10 -2 g/cm 3 . True stress-strain of the AA6061-T6 and extruded polystyrene were used to further characterise the constitutive behaviour of material.
Validation
To ensure that the FE model developed was satisfactory and sufficiently accurate, it was validated using the results of drop tests. In general, the main trends of empty and foam-filled tubes in the experimental results are well captured by the numerical simulations as shown in Fig. 3 . The dynamic force is found to increase gradually to a maximum value as the deformed length increases and subsequently decreases due to initiation of global buckling near the bottom part of tube.
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Further comparison between experimental and numerical results showed the differences were in the ranges of 5.2% -12.1%, 1.5% -2.6% and 0.5% -12.2% for energy absorption, peak force and length of deformation, respectively. This is due to minor discrepancies in obtaining the required tube thickness during machining process. The uneven thickness of the tube may lead to the initiation of the fold at the thinner section of the tube's wall. Above all, these results suggest that appropriate material models, boundary conditions, element types and sizes were selected for the numerical model. Fig. 3 : Force-deformation curves for experimental and finite element analysis for AA6061-T6 tubes
Numerical results and discussion
In this study, the dimensions of all the tubes were kept constant with length, L=100 mm, bottom diameter, D=68.9 mm and thickness, t=0.5 mm. Fig. 4 shows the response of empty and foam-filled AA6061-T6 tubes under oblique loading. There is an increase in initial peak force with the increase of filler density of straight and conical tubes. Furthermore, the dynamic force is found to increase with the increase of deformation length up to the densification region at the later stage of deformation process. With the introduction of foam-filling, the interaction between filler and the tube wall increases the crushing force; this phenomenon continues as the filler is compressed. The similar observation can be seen in references [5, 9] . Fig. 4 : Force-deformation histories of AA6061-T6 with different filler densities Applied Mechanics and Materials Vol. 663
As Fig. 5 illustrates, the beneficial of foam-filling in terms of weight reduction on the response of foam-filled AA6061-T6 tubes is significant. The SEA of foam-filled tubes with 0.220 g/cm 3 density aluminium foam exceeds that of the empty tubes at higher deformation length. Whilst, aluminium foam filler with 0.534 g/cm 3 is notably more effective as it diverges that of empty tube immediately as deformation process is initiated. The critical effective point is the coincidence point that explains the critical total tube mass and corresponding critical foam density, as previously observed by Guden et al. [6] . It is apparent that the SEA of foam-filled tubes exceeds that of empty tubes under oblique impact loading hence, proved that foam-filled tube is effective under oblique loading in terms of weight reduction. Since each tubes exhibit different critical effective point as shown in Fig. 5 , 82% of the deformation length thereby is concluded as the baseline. Therefore, a higher value of deformation length must be considered to meaningfully assess the effectiveness of the tube-filler combination under axial dynamic loading. 83% of the deformation length is finally considered as the most appropriate minimum length for the assessment of these tube-filler effectiveness as tabulated in Fig. 6 . These results apply to an impact velocity of 6 ms -1 and a loading mass of 1000 kg.
A significant increase in SEA is observed as high as 72.3% for AA6061-T6 straight tube with the introduction of 0.534 g/cm 3 density filler. Furthermore, it appears that the peak force is less sensitive to higher density filler (0.534 g/cm 3 ) which is desirable in impact application. 
Conclusion
The response of empty and foam-filled AA6061-T6 tubes have been investigated under oblique impact loading. The critical effective point for fillers of different densities was identified based on the SEA value. The most appropriate minimum length is therefore estimated for the assessment of tube-filler effectiveness. Pronounced increase in SEA as high as 72.3% compared to the empty tube whilst, no significant increase in initial peak force is observed with the introduction of 0.534 g/cm 3 foam filler. The combination of AA6061-T6 tubes and aluminium foam filler proves advantageous when SEA and initial peak force are under consideration.
